Abrothrix olivaceus is the most abundant and widespread species of sigmodontine rodent in Chile. We evaluated phylogeographic relationships within A. olivaceous based on analyses of 67 specimens collected along most of the distributional range of the species. We used nucleotide sequence data from the hypervariable domain I of the mitochondrial DNA control region. Examination of our data supports a northern origin for this taxon, followed by southward dispersal. Also, we propose the occurrence of a new subspecies of A. olivaceus in the northernmost limit of the species' range. We detected a significant influence of recent paleoclimatic events on the current distribution of A. olivaceus, particularly in south-central Chile. The results also support the genetic distinctness of nominal subspecies proposed in the classical literature.
The subfamily Sigmodontinae (Muroidea) is the 2nd largest mammalian subfamily and includes a vast array of New World mice (Reig 1980; Steppan et al. 2004 ). The evolutionary history of sigmodontines has been of great interest because of their adaptive radiation, systematic relationships, and diversity of forms (Baskin 1978; D'Elía 2003; Engel et al. 1998; Hershkovitz 1966; Patterson and Pascual 1972; Patton 1993, 1999) . One hypothesis proposes a tropical origin for these mice in North America, followed by dispersal to South America over the Panamanian Land Bridge during PlioPleistocene times (Baskin 1978; Patterson and Pascual 1972; Simpson 1980; Webb 1991) . Alternatively, Hershkovitz (1966 Hershkovitz ( , 1972 , Savage (1974) , and Reig (1978 Reig ( , 1986 proposed an early arrival to South America about 20 million years ago, with further diversification in situ. Recent calibrations based on molecular phylogenies suggested an origin before the Panamanian Land Bridge, 5-10 million years ago (Engel et al. 1998; Smith and Patton 1999; Spotorno 1986) , with further diversification in South America (Steppan et al. 2004) . Despite these uncertainties, it is clear that sigmodontine rodents were widespread in South America by Pleistocene times, occupying most available biomes, particularly in the Andean area where major centers for the diversification of Sigmodontinae have been postulated (Reig 1986; Smith and Patton 1999) .
The ''Andean clade'' (Smith and Patton 1999 ) is one of the sigmodontine lineages, a group of mice that includes several species formerly assigned to Akodontini and that are mainly restricted to the southwest of the Andes. The Andean clade is thought to be a monophyletic assemblage, but its tribal classification has not been formalized (D'Elía 2003; Smith and Patton 1999) . Abrothrix olivaceus (Waterhouse, 1837) is one of the most abundant forms within the Andean clade (Reig 1986) , commonly known as ratón oliváceo (''olive field mouse''). The species is a small mouse with a short tail (shorter than the head and body), small ears, and grayish brown hair mixed with olive hair (Mann 1978) .
Traditional literature recognizes the distribution of A. olivaceus along most of Chile and Patagonian Argentina, from 188S to 548S latitude (Mann 1978; Osgood 1943) . Thus, the species ranges from the Coastal Desert in the north, southward throughout the Mediterranean region, temperate forests, and Patagonian forests (including Argentina in the latter 2 regions). The species has been recorded from sea level to 1,000 m in central Chile. Mann (1978) proposed that A. olivaceus occurs in Chile from Tarapacá southward to Aisén and recognized 5 subspecies ( Fig. 1): A. olivaceus olivaceus from Arica southward to Talca Province; A. olivaceus pencanus from Talca to the Cautín River; A. olivaceus mochae on Mocha Island (388229S, 738529W); A. olivaceus brachiotis in the Valdivian rain forests and southern archipelagoes southward to the Aisén River in the XI Region; and A. olivaceus beatus in the Argentinean provinces of Neuquén, Río Negro, and Chubut. Abrothrix xanthorhinus was recently synonymized with A. olivaceus (Smith et al. 2001 ), as A. o. xanthorhinus in the Patagonia of Chile and Argentina. This was proposed based on morphological differences and genetic similarity across a west-east gradient at 418S between the southern coast of Chile and Río Negro in Argentina (Pearson and Smith 1999; Smith et al. 2001) . Subspecies have been distinguished on the basis of hair coloration, tail length, and size and shape of tympanic bullae (Mann 1978; Osgood 1943) . However, these characters seem insufficient to determine species boundaries within Abrothrix. For example, the morphological features that have traditionally been used to differentiate A. olivaceus from A. xanthorhinus (i.e., external measurements and pelage coloration) do not diagnose these forms as different species (Pearson and Smith 1999) .
The distribution of A. olivaceus might have been affected by geological events such as the Andean uplift in Plio-Pleistocene times that led to the formation of dry, sparsely vegetated areas such as the Andean Altiplano (Puna) and the Atacama and Coastal deserts. In fact, the small mammal fauna of northern Chile is composed mainly of phyllotines and Abrothrix taxa. Both groups are diverse and abundant, ranging from the lowlands of northern Chile through canyons that cross the Atacama Desert, the pre-Puna, and up to high elevations in the Andes (Mann 1978; Palma et al. 2005; Redford and Eisenberg 1992) . On the other hand, glacial cycles of the Pleistocene promoted genetic differentiation in the biota of southern Argentina and Chile (Clapperton 1994; Villagrán and Hinojosa 1997) , mainly because of shifts in the ranges of high-latitude species (Brown and Lomolino 1998; Galbreath and Cook 2004) .
The major goal of this paper was to evaluate the phylogeography of A. olivaceus along its range between 188S and 528S. Specifically, we evaluated the phylogeographic relationships of populations that inhabit environments as variable as the Coastal Chilean Desert, Mediterranean Chile, temperate and subantarctic forests, and Patagonian steppe. We also evaluated the subspecific status of the forms traditionally recognized within A. olivaceus restricted to continental Chile. We sequenced the hypervariable domain I of the mitochondrial DNA (mtDNA) control region in specimens collected along most of the range of the species. This information is discussed in light of historical events such as the formation of the Atacama Desert and Pleistocene glacial cycles that might have affected the genetic structure of Chilean subspecies of A. olivaceus.
MATERIALS AND METHODS
Samples and study area.-Voucher specimens were collected from throughout the latitudinal range of A. olivaceus in Chile ( Fig. 1 ; Appendix I), and were deposited in the Colección de Flora y Fauna Profesor Patricio Sánchez Reyes (SSUC), Departamento de Ecología, Pontificia Universidad Católica de Chile, Santiago, Chile, and the Museum of Southwestern Biology, University of New Mexico, Albuquerque, New Mexico. Specimens were identified following the taxonomic keys of Osgood (1943) and Mann (1978) . We followed guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) during the collection and handling of animals used in this work.
DNA extraction and sequencing analyses.-DNA was extracted from frozen liver samples treated with a Wizard Genomic DNA Purification Kit (PROMEGA, Madison, Wisconsin). We amplified the complete hypervariable domain I of the mtDNA control region via polymerase chain reaction (Saiki et al., 1988) . We designed a forward primer, LBE08 (59-CAC CCA AAG CTG GAG TTC TCC-39), in the tRNA thr gene that flanks the control region. The reverse primer, H12S (59-TGG TCT TGT AAA TCA GTA ATG-39), was designed from an alignment of the 12S gene in several sigmodontines. Amplifications were performed with the following parameters: initial step at 948C for 3 min, continued with 28 cycles of 948C (30 s), 598C (14 s), and 728C (45 s). A final extension at 728C for 5 min terminated the reaction. Double-stranded polymerase chain reaction products were purified with a Qiaquik Purification kit (Qiagen Inc., Valencia, California). Cycle sequencing was performed (Murray 1989 ) using the Big Dye Terminator kit (Perkin-Elmer, Norwalk, Connecticut) and an ABI Prism 310 automated sequencer (Applied Biosystems, Foster City, California). We sequenced a total of 483 base pairs (bp) of the hypervariable domain I of the mtDNA control region from 67 individuals and those sequences have been deposited in GenBank (accession numbers: AY840015-AY840081). Sequences were aligned by using the CLUSTAL X program (Thompson et al. 1997 ) with the default values for all alignment parameters, and by eye, using the flanking tRNA thr as a reference point. Genealogical analysis.-Genealogical analysis was performed using the neighbor-joining algorithm in PAUP 4.0 (Swofford 2002) . We selected that algorithm because it estimates genealogical relationships by an approximation of differences and clustering using an explicit model of evolution. The best-fit substitution model of sequence evolution was identified with Modeltest 3.06 (Posada and Crandall 1998) 
The proportion of invariable sites (I) was I ¼ 0.6572 and the gamma distribution shape parameter (G) was G ¼ 0.3607. The neighbor-joining tree was performed by using a heuristic search with tree-bisectionreconnection branch swapping and using the substitution model suggested by the Modeltest. Confidence values on the nodes were evaluated by performing 1,000 bootstrap replicates with heuristic search (Felsenstein 1985) . We rooted the tree with the outgroup criterion using Abrothrix andinus, the sister taxon to A. olivaceus (D'Elía 2003; Smith and Patton 1999) . We also performed a Bayesian analysis to evaluate genealogical relationships under the best-fit model of evolution obtained with Modeltest. To more thoroughly explore the parameter space we ran metropolis-coupled Markov chain Monte Carlo simulations (MCMCMC) using the program MrBayes 3.0 (Huelsenbeck and Ronquist 2001) with 2 incrementally heated chains, using the default values. From a random starting tree we ran 1 Â 10 6 generations with the resulting trees sampled at every 100 generations (saving 10,000 trees). We determined when stationarity was reached (to discard burn-in samples) by plotting the log-likelihood scores of sample points against generation time. Three replicate analyses were performed, and stationarity levels were compared for convergence (Huelsenbeck and Bollback 2001) . The first 50,000 generations (500 trees) were discarded as burn-in and only the results from the last 950,000 generations (9,500 trees) were used to compute a 50% majority rule consensus tree. The percentage of samples that recovered any particular clade on this tree represented that clades's posterior probability. These are the P-values, and values of P ! 95% were considered evidence of significant support for a clade (Huelsenbeck and Ronquist 2001) .
Phylogeographic and genetic structure analyses.-Sequence divergence between groups (i.e., subspecies) was evaluated in MEGA 2.0 (Kumar et al. 2001 ) using the Tamura-Nei substitution model (TrN-Tamura and Nei 1993) . For genetic structure analysis all localities were grouped according to recognized subspecies following Mann (1978) , with the exception of A. o. mochae and A. o. beatus, which were not included in this work because of unavailability of samples (A. o. mochae) and because A. o. beatus is considered to be a junior synonym of A. o. brachiotis (Smith et al. 2001 ). The sequence divergence values were plotted in multidimensional space using multidimensional scaling performed in the STATISTICA 6.0 program (StatSoft, Inc. 2001) . The genetic structure of the subspecies was evaluated by calculating genetic divergence (F st ) values using the ARLEQUIN program (Schneider et al. 2000) . With DnaSP software (Rozas et al. 2003) we generated a file that included haplotypes and polymorphic sites. To establish the relationships between haplotypes, we constructed a haplotype network using the uncorrected medianjoining values with the NETWORK 4.1 program (Rohl 2000 ; available at http://www.fluxus-engineering.com, last accessed October 2005). We calculated Tajima's D (Tajima 1989 ) and Fu's F (Fu 1997) values to check for deviations from neutral evolution of our sequences, as well as to test for demographic expansion. Although these statistics were developed as a test of selective neutrality, they are very powerful for detecting departures from population size equilibrium caused by population expansions or bottlenecks (Aris-Brosou and Excoffier 1996; Fu 1997; Ray et al. 2003; Tajima 1996) . ARLEQUIN was used to conduct these tests and calculate the corresponding P-values. These indexes tend to negative significant values when the population is not under mutation-drift equilibrium due to sudden expansion. However, Ramos-Onsins and Rojas (2002) demonstrated that Fu's F is a more effective detector of population growth because it detects a greater amount of rare haplotypes in a population sampling. Given the low numbers of individuals of A. o. xanthorhinus, this subspecies was not included in the F st and neutrality test analyses.
RESULTS
Genealogical analyses.-A 483-bp fragment that covered the complete hypervariable domain I of the mtDNA control region was sequenced from 67 Abrothrix specimens (including outgroup species). The neighbor-joining tree based on a GTRþIþG distance matrix, and the Bayesian analyses produced a congruent topology (Fig. 2) .
The genealogical analyses recovered several clades that nearly agree with the recognized subspecies of A. olivaceus (Fig. 2) . One of these is a basal and moderately supported clade that unites individuals of northernmost Chile (Quebrada de Camarones, Quebrada de Tarapacá, and Desembocadura del Río Loa) with 66 and 0.95 of support for bootstrap and posterior probability values, respectively. We named the group the ''northern clade. Population and phylogeographic approaches.-The sequence divergence among localities showed a close genetic similarity between southern populations (from Tucapel to Torres del Paine) that varied between 0% and 1% of TrN distance, whereas distance values between the rest of Chilean populations varied between 2% and 4% ( Table 1) . The posterior multidimensional scaling of these values showed 3 groups of populations in the bidimensional space with a stress value of 0.12 ( Fig. 3 ; a stress value lower than 0.1 suggests the occurrence of groups or associations in the multidimensional space-Ludwig and Reynolds 1988). These groups were the northern clade (Quebrada de Camarones, Quebrada de Tarapacá, and Desembocadura del Río Loa-in fact we made a posteriori delimitation for this northern group given the topology obtained in the neighbor-joining and Bayesian tree; to genetic similarity, whereas dimension 2 (y-axis) grouped localities of similar geographical associations (Fig. 3) . Fig. 3 shows a separation between A. o. olivaceus and A. o. brachiotis localities in dimension 1, and as shown in both axes a separation was evident between the northernmost population and remaining localities in Chile. However, individuals from El Roble relict were closely related to A. o. brachiotis. The values of F st evidenced a significant structuring between the northern clade (.0.95, P , 0.001) and localities representing nominal subspecies of A. olivaceus (Table 1 The haplotype network (Fig. 4) showed 39 haplotypes out of 65 sequences (outgroup excluded), with no shared haplotypes between nominal subspecies. However, some contiguous localities shared haplotypes, including Llanos de Challe-Fray Jorge, El Roble-San Carlos, and Panguipulli-Valdivia. Other sampled localities were strictly monophyletic. The network topology is concordant with that observed in the trees (Fig. 4) , where we distinguished several haplogroups that corresponded to subspecies A. o. olivaceus, A. o. pencanus, A. o. brachiotis, and A. o. xanthorhinus. Within A. o. olivaceus we found a subset of individuals from the relictual forests (i.e., Fray Jorge National Park) as differentiated from other individuals of this subspecies. In agreement with the genealogical or phylogenetic tree, the network analysis recovered an isolated haplogroup representing individuals from northernmost Chile or the ''northern clade.'' Finally, the individuals from El Roble relict were recovered in close association to A. o. brachiotis haplotypes.
DISCUSSION
In the early to mid-Pleistocene, descendants of the Andean clade radiation related to the extant Abrothrix occupied the western Andean slope and the lowlands of the central Andes, where the differentiation between A. andinus and A. olivaceus might have taken place (Palma et al. 2005; Pardiñas et al. 2002) . In fact, all individuals from northernmost Chile (e.g., Quebrada de Camarones, Quebrada de Tarapacá, and Desembocadura del Río Loa) are recovered here as a basal clade (the northern clade). The ''quebradas'' (corridors) of northern Chile have been postulated as biotic corridors extending from the Puna and pre-Puna areas to the lowlands that cross the desert in the western flank of the Andes, and connect the latter with coastal areas (Marquet 1994; Meynard et al. 2002; Palma 1995; Palma et al. 2005) .
The radiation of ''abrothricines'' (consisting of 6 genera sensu Smith and Patton [1999] ) has been hypothesized to have occurred in the central and southern Andes of Peru, Bolivia, Chile, and Argentina (Reig 1986; Smith and Patton 1999; Spotorno 1986 ). The differentiation of A. olivaceus has been proposed to have occurred via peripatric speciation from a widely distributed central Andean abrothricine taxon (e.g., A. andinus) from which peripheral isolates dispersed to the Chilean and Peruvian coastal deserts (Palma et al. 2005) . From the latter areas, further dispersal to the north and south to colonize semiarid and temperate latitudes both in Peru and Chile might have followed. Support for this peripheral isolate hypothesis rests on the fact that A. andinus and A. olivaceus constitute sister taxa and that recent phylogeographic work in A. olivaceus that also included A. andinus recovered the latter as basal to A. olivaceus (Smith et al. 2001) . Similar hypotheses of speciation in northern Chile have been postulated for other sigmodontine mice such as the phyllotines (Palma et al. 2005; Steppan 1998 ). The peripheral isolate scenario might have occurred through the quebradas that connect Puna and pre-Puna areas in southern Peru and northern Chile with the lowlands. In northern Chile (and probably southern Peru) A. olivaceus is a form restricted to coastal areas and the canyons or quebradas that traverse the Atacama Desert. As recovered in our phylogeographic and phylogenetic analyses, the northern clade of A. olivaceus constitutes a well-differentiated haplogroup and clade in the neighbor-joining and Bayesian phylogenetic tree and in the network topology, respectively. The geographical occurrence of this northern genetically isolated population can be explained because these forms inhabit an extremely fragmented biome, whose boundaries are defined by the Coastal Desert of Chile-Peru and the Atacama Desert. Further expeditions in northern Chile's region of Antofagasta, between the mouth of the Rio Loa (Desembocadura del Río Loa, 218259S, 708059W) and Llanos de Challe (288119S, 718099W), have been unsuccessful in capturing Abrothrix (Jaksic et al. 1999) , suggesting that the Atacama Desert constitutes a natural barrier in the distributional range of A. olivaceus. Given the geographical isolation and elevated F st values of the northern clade populations, it is reasonable to propose that those forms constitute a different subspecies of A. olivaceus, for which we propose a new name (see below). We thus restrict the range of A. o. olivaceus between 288S and 358S (Atacama and Maule regions) of Chile.
The phylogenetic position of the clades representing A. olivaceus subspecies agrees with the proposed sequential geographical colonization of the species, given that A. o. olivaceus from north-central Chile appears more basal than southern A. o. brachiotis. A similar reconstruction was obtained with cytochrome-b sequences by Smith et al. (2001) . These results suggest that colonization of A. olivaceus through Chile occurred along a north-to-south route. Smith et al. (2001) also showed that the species moved from coastal refuge areas in Chile and reached the Argentinean side through lower elevations of the southern Andes (about latitude 408S). This west-east passage to Argentinean Patagonia involved the transition from temperate forests to a drier steppe environment, Compared to other localities of the Mediterranean zone (e.g., San Carlos de Apoquindo), the genealogical analysis showed that Abrothrix populations from Fray Jorge are slightly differentiated. This locality represents a relictual forest that occurs discontinuously along the coast of central Chile that shares floristic affinities with the southern Valdivian rain forests (Villagrán and Armesto 1980) . These forests are remnants of an ancient and wider distribution that occupied the south-central part of the country (Villagrán and Armesto 1980) . Interestingly, the olive mouse populations of central Chile that inhabit the relictual forests shared a unique haplotype (Fig. 4) , suggesting that they diverged in isolation as a result of recent forest fragmentation.
Consistent with previous studies, the diversification between A. o. pencanus and A. o. brachiotis seems to be of the same nature as that between A. o. xanthorhinus and A. o. brachiotis (Pearson and Smith 1999; Smith et al. 2001) . The effect of glaciations in the southern Andes triggered several cycles of migration of biota toward the north followed by further southern retraction in belts, taking a V-shape (Moreno et al. 1994; Villagrán and Hinojosa 1997) . The advance of ice over the western slope of the Andes in the south-central region of Chile (Hollin and Schilling 1981) established populations that have been isolated near the coast of Valdivia (e.g., A. o. brachiotis). The retractions of ice allowed the rapid expansion of the isolated populations toward Patagonia (Smith et al. 2001) and the eastern edge of the central valley of Chile. This expansion followed an environmental gradient from the Valdivian rain forest to the southern limit of the Mediterranean zone, establishing the form A. o. pencanus.
The subspecies of A. olivaceus were recovered in almost all analyses, suggesting local adaptation of populations along their range from semiarid, to Mediterranean, to forest environments in the southern part of the country. A. o. olivaceus possesses morphologically distinctive characteristics, such as small size and lighter hair coloration compared with the subspecies of southern Chile (Mann 1978) . If these morphologic characteristics are correlated with the level of genetic differentiation found for A. o. olivaceus, it is reasonable to postulate an early directional selective process toward small size (Daan et al 1990) .
The multidimensional scaling grouped the genetic distances concordant with the 1st split of the tree. This implies that A. o. olivaceus and A. o. brachiotis were derived from the original stock of A. olivaceus that occupied the Chilean territory, reaching the Mediterranean region of central Chile in early to mid-Pleistocene (Palma et al. 2005) . Further dispersal to southern latitudes might have followed, producing the structuring of subspecies by the reduction of gene flow (Table 1) . Interestingly, individuals from Cerro El Roble, in central Chile, as well as some representatives from San Carlos de Apoquindo, were very closely related to A. o. brachiotis. The former locality constitutes the northernmost limit of Nothofagus macrocarpa (Nothofagaceae) distribution. This area represents an isolated oak forest, which has retained its structure and composition since the end of last glaciation about 10,000 years ago (Armesto et al., in press ). The fauna associated with these forests also is evolutionarily derived from southern latitudes in Chile. The strong relationship of genetic distances shown in the multidimensional scaling analysis, the direct relationship in the network tree, and the phylogenetic position of individuals of Cerro El Roble and San Carlos de Apoquindo with the localities where A. o. brachiotis is distributed agree with the hypothesis that populations had a southern origin and that their occurrence in central forests is a product of migrations of fauna associated with the forests from southern Chile. Such results suggest that the establishment of A. o. olivaceus and A. o. brachiotis occurred before the most recent glaciation events. Today the haplotypes of Cerro El Roble are shared with nearby localities such as San Carlos de Apoquindo in central Chile.
We thus conclude that the subspecies of A. olivaceus, as understood by Mann (1978) Diagnosis.-Size relatively smaller than A. o. olivaceus in most external measurements; pelage of dorsum varying from pale brown to light gold mixed with ochraceous gray; venter laterally gray and centrally as the dorsum, with hairs blackish at bases.
Description.-The subspecies occurs in the transverse canyons of northernmost Chile, in communities of xeric vegetational assemblages composed mainly of shrubs (Atriplex atacamensis and Baccharis petiolata) and grasses (Distichlis spicata). These canyons are irrigated by waters of the Andes. There are no other abrothricine species in the area. A. o. tarapacensis is the sister taxon of A. o. olivaceus, distinguished by size and coloration.
Measurements.-External measurements for the holotype are total length, 164 mm; length of tail, 75 mm; length of hind foot, 20 mm; and ear from notch, 16 mm; body weight 23 g. Means for external measurements of the holotype and 14 topotypes are total length, 156 mm; length of tail, 71 mm; length of hind foot, 20 mm; and ear from notch, 15 mm. Means for external measurements of 14 paratypes from Quebrada de Camarones and Desembocadura del Río Loa are total length, 168 mm; length of tail, 76 mm; length of hind foot, 21 mm; and ear from notch, 14 mm.
Etymology.-The subspecies name is derived from the Quechuan word Tarapacá, referring to the homonymous region of Chile.
RESUMEN
Abrothrix olivaceus es la especie más abundante y de mayor distribución geográfica del Clado Andino que habita el territorio chileno. Evaluamos las relaciones filogeográficas a nivel intra-específico utilizando datos de secuencias nucleotídicas del dominio hipervariable I de la región control del DNA mitocondrial, en 67 especimenes a lo largo de la mayor parte del rango de distribución de la especie. Reconocimos un origen nortino para este taxon seguido de una dispersión hacia el sur. Asimismo, proponemos la existencia de una nueva subespecie de A. olivaceus en el límite más septentrional de su distribución. Detectamos una profunda influencia de los acontecimientos paleo-climatológicos recientes, en la conformación de distribución actual de poblaciones de A. olivaceus en Chile Mediterráneo.
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